Biochemical Society Transactions
Introduction
'I'he study of fungal and plant plasma membrane 1 I +-ATPase has reached the point where hypothesis about the mechanism, regulation and physiological roles of the enzyme can be tested at the molecular level. The tools for such analysis are the cloned genes and the specific antibodies isolated in several laboratories ([ I , 2 J and references therein).
'I'resent ;iddress: I Iepartamento de Hiotecnologia, Ilniversidad I'olitccnica, Camino de Vera 14, 46022 Valencia, Spain The major problems investigated in our group are the identification of the active sites, the mechanisms of regulation and the localization of the enzyme in specialized plant tissues.
Active sites: comparison of H ' -

ATPase and Ca2+-ATPase
Site-directed mutagenesis of conserved residues of the yeast I I +-A'I'Pase and expression of mutant enzymes in yeast cells has allowed the identification of putative active sites [3] [4] [5] [6] . Similar studies have been performed with the Ca'+-i\'I'l%~e of sarco- Volume 20 plasmic reticulum, where a much more sophisticated analysis of the catalytic cycle is possible (7-141. A comparison of the two studies shows both agreements and discrepancies and some of the most important issues are discussed below. involved in the R , I' -R,-P conformational ch;inge, previous to the hydrolysis step [ 11. I4J. 'I'he conserved aspartic acid in the putativetr;insinernbrane stretch 0 is essential in both enzyines; however, in the 1 I+-ATl'ase it is involved in thr hydrolysis of the intermediate 14 1, whereas in the (';i'+-A'l'l'~ise it is involved in the formation of the intermediate I 10, 12 1. Also, the glutamic acid rcsidues present in putative transmeinbrane stretc-hes 5 ;ind X are essential for the Ca'+-A'l'l'ase ( 10, 121 but not for the €I+-Al'Pase ( 1: . I'ortillo, unpthlished Lvork). Another nia-jor discrepancy is that the conserved proline in the middle of putative triiI1siiieiiil7riiIle stretch 4 is essential for the I I + -A'l'l'ase 1.3 I but not for the Ca'+-ATPase, \vhere a ..
second. non-conserved proline turns out to be essential [9] .
This brief comparison shoms that, although the Ca'+ -ATPase and I I +-A'I'Pase probably had the same evolutionary origin 11 1, not all conserved residues may be strictly equivalent in terms of catalytic roles. This can be explained by the low level of overall homology exhibited by the two enzymes [ 11.
One limitation of the yeast system is that, as the I I+-ATPase is essential for yeast growth, This suggested that the C-terminus was an inhibitory domain interacting with the active site and modulated by glucose metabolism. Recently. this has been confirmed by intragenic suppression I 191.
As indicated in Table 1 . a double mutation at Ser-91 1 and Thr-012 within the C-terminus results in an ATPase locked in the low-activity state. The effect of this double mutation is suppressed by another mutation (Ala-547 -+ Val) within the ATPbinding domain, suggesting an interaction between this domain and the C-terminus. Although the C-terminus of the yeast ATPase was proposed to be extracellular [ZO] , our results pointed to a regulatory interaction with the active site and therefore suggested a cytoplasmic location. This was confirmed by immunofluorescence and by immunogold electron microscopy utilizing an antibody specific against the C-terminus [Zl] . Use of this antibody also demonstrated conformational changes of the C-terminus induced by either glucose metabolism or detergents [21] . This is in agreement with the proposed role for this part of the enzyme as a tlexible autoinhibitory domain. A similar situation has been described for the Ca'+-ATPase of red blood cells, where the mechanism of release of the inhibition caused by the C-terminus is either phosphorylation 1221 or calmodulin binding [23] . 115-13.5 and 140-160) and is predicted to be mostly cytoplasmic, with only the five amino acids between the two hydrophobic stretches pointing to the external side of the membrane 11 1. Ilowever, preliminary immunotluorescence studies suggest that the region between amino acids 25-XO is probably extracellular. This would imply the existence of a transmembrane stretch unpredicted by hydrophcbic analysis.
Epitope mapping of yeast ATPase
Tissue distribution and regulation of plant ATPase
The expression in Escherichziz coli of portions of the Arabidopsk thaliana ATPase gene has allowed the massive production of antigen and the preparation of antibodies with high titer and specificity. These antibodies have been used for the iriirnunocytolocalization of the enzyme [ 24, 251 and for the study of changes in its level in response to developmental and stress processes 126, 271 and to auxin 126, 2x1. As indicated in Fig. 2 , the plant A'l'l'ase is concentrated in a few tissues specialized for ion transport. 
Conclusions and perspectives
'I'he fruits of a molecular approach t o the study of plasma membrane I I + -A'I'Pases are only starting t o be harvested. It is expected that in the near feature the active sites of the ATPases and the regulatory iiiteraction of the C-terminus with the active site M. ill be clarified by high-resolution structural studies involving either X-ray or electron diffraction. In addition, the topological information provided by studies with monoclonal antibodies will need confirmation by direct structural approaches. It can be clearly stated that the application of structural methods to membrane proteins constitutes the bottle neck for future developments in the A'I'Pase field. Also, classic approaches such as cross-linking and tluorescence-energy transfer may provide indirect structural information.
'I'he regulation of plant ATPase gene expression by developmental pathways and by hormones is another area of study that will receive attention during the next years. [501] [502] [503] [504] [505] [506] [507] 
